ABSTRACT: The flavin-dependent quiescin-sulfhydryl oxidase (QSOX) inserts disulfide bridges into unfolded reduced proteins with the reduction of molecular oxygen to form hydrogen peroxide. This work investigates how QSOX and protein disulfide isomerase (PDI) cooperate in vitro to generate native pairings in two unfolded reduced proteins: ribonuclease A (RNase, four disulfide bonds and 105 disulfide isomers of the fully oxidized protein) and avian riboflavin binding protein (RfBP, nine disulfide bonds and more than 34 million corresponding disulfide pairings). Experiments combining avian or human QSOX with up to 200 µM avian or human reduced PDI show that the isomerase is not a significant substrate of QSOX. Both reduced RNase and RfBP can be efficiently refolded in an aerobic solution containing micromolar concentrations of reduced PDI and nanomolar levels of QSOX without any added oxidized PDI or glutathione redox buffer. Refolding of RfBP is followed continuously using the complete quenching of the fluorescence of free riboflavin that occurs on binding to apo-RfBP. The rate of refolding is halfmaximal at 30 µM reduced PDI when the reduced client protein (1 µM) is used in the presence of 30 nM QSOX. The use of high concentrations of PDI, in considerable excess over the folding protein client, reflects the concentration prevailing in the lumen of the endoplasmic reticulum and allows the redox poise of these in vitro experiments to be set with oxidized and reduced PDI. In the absence of either QSOX or redox buffer, the fastest refolding of RfBP is accomplished with excess reduced PDI and just enough oxidized PDI to generate nine disulfides in the protein client. These in vitro experiments are discussed in terms of current models for oxidative folding in the endoplasmic reticulum.
Two distinct flavin-linked sulfhydryl oxidase families [Ero1 (1, 2) and quiescin-sulfhydryl oxidase (QSOX) 1 (3, 4) ] have been suggested to drive the generation of disulfide bonds during oxidative protein folding in higher eukaryotes (4) (5) (6) (7) (8) (9) (10) (11) (12) . For Ero1, a series of pioneering investigations of yeast (13, 14) , and complementary studies on mammalian cells (15, 16) , have led to one model for oxidative folding shown in Figure 1A . Here, the immediate oxidant for an unfolded reduced protein client is oxidized protein disulfide isomerase (PDI). Reduced PDI is then reoxidized by the FAD-linked sulfhydryl oxidase Ero1 (13, 17, 18) with the eventual reduction of dioxygen to hydrogen peroxide (19) . PDI intervenes again to catalyze the isomerization of incorrectly paired disulfide bonds ( Figure 1A ) either by redox neutral shuffling of disulfides or by net cycles of reduction and reoxidation (20) (21) (22) (23) (24) (25) (see below).
The flavin-linked QSOX enzymes, in particular their shorter isoforms, may also contribute to disulfide bond generation as proteins transit the secretory apparatus of higher eukaryotes (4, 9, 12, 26, 27) . Unlike Ero1 enzymes, QSOX enzymes can catalyze the direct oxidation of a wide range of unfolded proteins at rates between 500 and 2000 disulfides introduced per minute (9, (28) (29) (30) . Unfolded reduced proteins input their reducing equivalents into a PDI-like CGHC motif in the N-terminal thioredoxin domain of QSOX, followed by a transfer of electrons to the Erv/ALR domain and eventual reduction of oxygen to hydrogen peroxide (30) (31) (32) . The facility of these multidomain sulfhydryl oxidases at oxidizing unfolded proteins in vitro suggests that oxidative folding may also be driven by the direct oxidation pathway shown in Figure 1B .
In our initial attempts to recapitulate oxidative folding in vitro, Hoober et al. showed that avian QSOX1 can cooperate with protein disulfide isomerase to rapidly recover the native activity of reduced RNase (9) . This work explores the nature of this cooperation and shows that it does not involve a direct interaction between PDI and QSOX. While pancreatic RNase, with four disulfides and 105 fully oxidized disulfide isomers, has proven to be a particularly tractable and widely used model protein for oxidative folding studies (33) (34) (35) (36) , we also wished to evaluate QSOX-mediated in vitro oxidative folding using a protein with a more complicated disulfide connectivity. Here we reintroduce (37, 38) riboflavin binding protein (a protein with nine disulfides and hence >34 million pairings for the fully oxidized protein) as a stiffer test for an oxidative folding system. We show that the quenching of riboflavin fluorescence upon binding to the folded apoprotein (39) allows continuous monitoring of oxidative folding. This convenient and accessible in vitro system shows that glutathione redox buffers are unnecessary in refolding a protein with relatively complex disulfide connectivity and suggests, again, that the redox poise of PDI will be a major determinant for efficient oxidative folding in vivo.
EXPERIMENTAL PROCEDURES

Materials.
Bovine pancreatic RNase A, insulin, ampicillin, riboflavin, guanidine hydrochloride, GSH, GSSG, and lysozyme were obtained from Sigma-Aldrich. DTT was obtained from Acros Organics. IPTG was from Promega. EDTA was obtained from Fisher. Oligonucleotide primers were purchased from IDT Technologies.
Subcloning, Expression, and Purification of Human (gi 48735337) and Chicken (gi 30923135) PDI. A pET12a plasmid encoding the human PDI insert between NdeI and BamHI restriction sites was a generous gift of J. Winther (Copenhagen, Denmark). For ease of purification, PDI was subcloned into the pTrcHisA plasmid to incorporate an N-terminal hexahistidine tag using an N-terminal primer that replaced the NdeI site with an NheI site (see Figure S1 of the Supporting Information). The chicken PDI cDNA clone (pgm1cpk001j19 in the pCMV.SPORT6 plasmid) was obtained from the Chick EST library at the University of Delaware. During amplification, PCR primers were used that added an NheI N-terminal restriction site (excluding the signal sequence) and incorporated a BamHI site at the C-terminus. The modified chicken PDI insert was ligated into precut pTrcHis A. All resulting sequences were confirmed by DNA sequencing. A comparison of the amino acid sequences of the human and avian PDI constructs is shown in Figure S1 of the Supporting Information.
Both PDI constructs were transformed into BL21(DE3) cells (Invitrogen) for expression. Starter cultures were grown overnight at 37°C in LB medium supplemented with 50 µg/mL ampicillin and used to inoculate four 2 L flasks containing 500 mL each of the same medium. Cells were grown at 37°C to an absorbance of 0.4 at 600 nm and then induced with 0.5 mM IPTG for 6 h. Bacteria were harvested (2500g for 45 min at 4°C) and resuspended at 0.3 g of wet weight/mL of lysis buffer [50 mM potassium phosphate buffer (pH 8.0) containing 300 mM NaCl, 0.1 mg/mL lysozyme, and an EDTA-free protease inhibitor cocktail (Roche)]. The suspension was passed through a French pressure cell twice at 10000 psi and then subjected to five 30 s pulses of sonication separated by 1 min cooling intervals in an ice bath. The lysate was centrifuged at 4°C for 45 min at 2500g, and the supernatant (∼60 mL) was removed and rocked for 2 h at 4°C with 2 mL of Pro Bond Ni-NTA resin (Invitrogen). The resin was packed into a small chromatography column and then washed with 20 mL of 50 mM phosphate buffer (pH 8.0) containing 300 mM NaCl supplemented with 10 mM imidazole. The column was then developed with 10 mL of a 25 mM imidazole solution in water. Eluates were analyzed by UV absorbance and SDS-PAGE gels. Proteins were concentrated and washed into 50 mM potassium phosphate buffer (pH 7.5) containing 1 mM EDTA using a Centriprep YM-30 (Millipore) filtration device. Proteins were judged to be ∼95% pure by SDS-PAGE stained with Coomassie Brilliant Blue. Human PDI was quantitated using a molar extinction coefficient of 56.4 mM -1 cm -1 at 280 nm for bovine PDI (23; bovine PDI and human PDI share 95% sequence). The concentration of avian PDI was determined using a molar extinction coefficient of 42.8 mM -1 cm -1 calculated from ProtParam (40) . Chicken PDI and human PDI were purified with typical yields of 40 and 50 mg/L of culture, respectively.
Insulin Reductase and Scrambled RNase Assays for PDI.
The reductase activity of PDI (41) followed the increase in turbidity at 650 nm accompanying the reduction of 160 µM insulin by 1 mM DTT catalyzed by 1 µM PDI in 50 mM phosphate buffer (pH 7.5) at 25°C containing 1 mM EDTA (42) . The activity of PDI as an isomerase was measured using 10 µM scrambled RNase in 20 mM Tris (pH 8.0) containing 100 mM KCl, 1 mM GSH, 0.2 mM GSSG, and 0.5 µM PDI. The return of RNase activity was assayed by following the hydrolysis of cyclic CMP at 296 nm (43) . Scrambled RNase was prepared by incubating RNase with an equimolar amount of DTT (sufficient to reduce one of four disulfides) for 30 h under anaerobic conditions in 100 mM Tris (pH 8.0) containing 0.3 mM EDTA and 6 M guanidine hydrochloride. This solution was then opened to air and stirred in the dark at room temperature until fewer than 0.1 thiol per RNase molecule remained. Throughout this work, the concentration of sulfhydryl groups was determined using Ellman's reagent [using ε 412 ) 14.15 mM -1 cm -1 for TNB (44) ]. The protein was exchanged into a solution of 50 mM NH 4 HCO 3 , containing 1 mM EDTA (pH 7.5), using a Centricon YM-10 device (Millipore). Samples were distributed in tubes and vacuum-centrifuged to dryness. Scrambled RNase was stored at -20°C until it was used.
Preparation of Reduced and Oxidized Proteins. Human PDI contains two CxxC redox-active disulfides (four SH equivalents upon reduction) and two additional cysteine residues that react very slowly with DTNB in the absence of denaturant ( Figure S1 of the Supporting Information; 45). As purified from Escherichia coli, human PDI rapidly released 2.7 TNB molecules showing that ∼65% of the CxxC motifs were in their reduced state. Complete reduction of the human or avian PDI (yielding 4.1 ( 0.1 rapidly reacting SH groups) was achieved by incubating PDI for 1 h at 25°C in 50 mM phosphate buffer (pH 7.5) containing 1 mM EDTA and a 40-fold molar excess of DTT. Excess reductant was removed by gel filtration on a PD-10 gel filtration column [1.45 cm × 5 cm (GE Healthcare)] equilibrated with the same buffer in the absence of DTT. No greater than 0.5 mL of reduced protein was applied to these columns. Fractions (0.5 mL) were collected and small aliquots withdrawn and mixed with an equal volume of 10 mM DTNB to assess the separation between reduced PDI and DTT. Routinely reduced protein emerges in fractions 6-8 followed by two fractions containing insignificant thiol content. Excess free DTT begins to emerge in fraction 11 or 12. To make absolutely sure that no carryover of DTT had occurred, the resulting protein was concentrated to 0.5 mL and applied to a second freshly equilibrated PD-10 column as before. Reduced PDI fractions were pooled and standardized for protein concentration and thiol content. Final PDI solutions were concentrated and stored frozen at -20°C
. Under these conditions, PDI remained fully reduced for 2 weeks. The thiol titer of PDI was checked before each set of experiments to ensure reduction. Fully oxidized PDI was prepared by treating the human protein, as isolated, with 10 mM GSSG for 16 h followed by gel filtration and characterization as described previously.
Reduced RNase was prepared by dissolving 20 mg of protein and DTT (a 10-fold molar excess over RNase thiols) in 1 mL of degassed 100 mM Tris buffer (pH 8.0) containing 0.3 mM EDTA and 6 M guanidine hydrochloride. After incubation for 1 h at 37°C, the protein was gel-filtered on a PD-10 column equilibrated with a degassed solution of 0.1% (v/v) acetic acid. Fractions were collected and characterized by absorbance at 278 nm [9.3 mM -1 cm -1 for reduced RNase (46) ] and by thiol titer using DTNB as described previously.
Lyophilized egg white riboflavin binding protein was prepared as described previously (47) and was a generous gift of H. White (University of Delaware). This material contains nine disulfide bonds (48, 49) and between seven and eight phosphoserine residues located in a mobile loop close to the C-terminus (49, 50) . Two sites of glycosylation are present (49, 51) . The protein (8 mg) was dissolved in 0.5 mL of a degassed solution containing a 10-fold excess of DTT over RfBP thiols in 100 mM potassium phosphate (pH 7.5) containing 1 mM EDTA and 6 M guanidine hydrochloride. The mixture was incubated for 2 h at 37°C and desalted using a PD-10 column pre-equilibrated with the same buffer (containing guanidine hydrochloride and EDTA but without reductant) to remove released riboflavin and excess DTT. Fractions were analyzed as described before using an extinction coefficient of 49.0 mM -1 cm -1 for apoRfBP (38) .
Scrambled RfBP was prepared by incubating 141 µM reduced RfBP in 50 mM potassium phosphate buffer (pH 7.5) containing 1 mM EDTA and 3 M guanidine hydrochloride with 25 mM K 3 Fe(CN) 6 . The mixture was incubated for 2 h at 25°C and the ferricyanide and guanidine hydrochloride removed from the oxidized protein by gel filtration using a PD-10 column equilibrated with 50 mM potassium phosphate buffer (pH 7.5) containing 1 mM EDTA.
Monitoring QSOX-Mediated Thiol Oxidation. The disappearance of substrate thiols during the QSOX-mediated oxidation of reduced proteins was monitored discontinuously using DTNB as described previously (9, 32, 52) .
Refolding of RNase. Reduced RNase [10 µM in 50 mM Tris (pH 7.5) containing 1 mM EDTA] was incubated at 25°C in buffer alone, with 50 nM QSOX, with 50 nM QSOX and 5 µM reduced PDI, or with a glutathione redox buffer comprised of 1 mM GSH and 0.2 mM GSSG. Samples (50 µL) were removed every 4 min and added to 10 µL of a solution of NEM in water (to give final concentrations of 2 mM NEM when redox buffer was used, and 1 mM NEM in the absence of glutathione). The samples were stored capped at 25°C and then diluted in a microcuvette with an equal volume of Tris buffer containing 2 mM cCMP.
Refolding of RfBP Followed by Fluorescence. In the standard refolding system, 1 µM reduced RfBP (18 µM free thiols) was mixed with 0.8 µM riboflavin and various concentrations of QSOX and PDI in 50 or 100 mM potassium phosphate buffer (pH 7.5) at 25°C containing 1 mM EDTA. The disappearance of riboflavin fluorescence (39, 53) was monitored continuously using an Aminco Bowman Series 2 luminescence spectrophotometer (excitation at 450 nm with a 2 nm slit width; emission at 530 nm with a 16 nm slit width).
Characterization of Reconstituted Holo-RfBP. PDI was removed from the reconstituted RfBP holoprotein by being mixed with 1 mL of Ni-NTA resin and rocked for 3 h in a microcentrifuge tube at 4°C. The resulting supernatant was concentrated by ultrafiltration, and aliquots of the holoprotein were diluted with an equal volume of 6 M guanidine hydrochloride. Release of riboflavin was followed in the fluorimeter with settings as before and fit to first-order kinetics (k off ) 0.0125 ( 0.0001 s -1 compared to 0.0131 ( 0.0001 s -1 for the native holoprotein). The similarity between reconstituted and native protein was also evaluated by retention times via C 18 reverse-phase HPLC (Hewlett-Packard Series 1100 HPLC system). The gradient was from 0 to 90% acetonitrile at a rate of 2%/min maintaining a concentration of 0.1% TFA. (54) for the interaction of a and a′ domains of PDI with glutathione were used to simulate the approach to equilibrium with the following starting conditions: a GSH/GSSG ratio of 5/1 (4.17 and 0.83 mM, respectively) and the oxidized domains at 0.5 mM. Calculations were performed with Gepasi (55) or Chemical Kinetics Simulator (IBM). At equilibrium, the reduced PDI/ oxidized PDI ratios for a and a′ domains were >11 and >4, respectively. The accumulation of protein-S-SG mixed disulfide was less than 2% of the total protein concentration.
RESULTS AND DISCUSSION
Human and AVian PDI Are Poor Substrates of AVian QSOX1. A key difference between the oxidative folding mechanisms in Figure 1 is that reduced PDI is believed to be the immediate substrate of Ero1p (13, (15) (16) (17) (18) 56) , whereas unfolded reduced proteins are proposed to be the direct substrates of QSOX enzymes (9, 11, 12, (26) (27) (28) (29) (30) 32) . It was therefore important to test the predictions of Figure  1B directly. Figure 2 shows that reduced human PDI is a very poor substrate of avian QSOX1: with turnover numbers of fewer than ∼6 thiols oxidized/min at PDI thiol concentrations of up to 800 µM [corresponding to 200 µM PDI (0)]. To ensure that this was not a consequence of noncognate pairing, we subcloned and expressed avian PDI (57; see Experimental Procedures). Figure 2 shows that reduced avian PDI was also a very sluggish substrate of avian QSOX [ Figure 2 (b)]; the human pairings were similarly ineffective (2) . Human and avian PDI (gi 48735337 and gi 30923135, respectively) share ∼85% sequence identity ( Figure S1 of the Supporting Information) and showed comparable activities in the standard isomerase and reductase assays for PDI ( Figure S2 of the Supporting Information). To set the data of Figure 2 in perspective, a typical unfolded substrate of mammalian or avian QSOX1 enzymes shows k cat values of 500-2000 thiols oxidized per minute and a K M of 150 µM per thiol (9, (28) (29) (30) . Since there appeared to be no substantive differences between cognate or noncognate QSOX/PDI pairings, we have used the readily available avian QSOX1 and human PDI proteins for the remainder of this work.
Previously, we suggested, on the basis of indirect evidence, that reduced PDI was a substrate of QSOX (9) . In this earlier experiment, a 16-fold excess of scrambled, fully oxidized, RNase was incubated with reduced PDI. The increasing level of inhibition of the refolding of scrambled RNase as QSOX was added to the mixture was taken to indicate a direct oxidation of reduced PDI by QSOX. Unfortunately, this conclusion is unwarranted because reduced PDI can efficiently transfer reducing equivalents to incorrect disulfide bonds in scrambled RNase (20) and QSOX, in turn, can rapidly and completely oxidize the RNase thiols so generated (9, 28, 32) . Hence, QSOX does not oxidize reduced PDI directly but indirectly via the mediation of an oxidized scrambled protein. To reiterate, the multiple direct experiments shown in Figure 2 show unequivocally that reduced PDI is a very poor substrate of QSOX.
Thioredoxin Protein substrates introduce reducing equivalents via a CxxC motif housed in a thioredoxin domain of QSOX (12, 30, 31) . Why, then, is the communication between the thioredoxin domains of reduced PDI (or of thioredoxin itself) and the CxxC motif of the thioredoxin domain of QSOX ineffective? Beckwith and colleagues have noted the alternation of thioredoxin and non-thioredoxin folds in the five consecutive oxidoreductase modules that comprise the pathway for the reduction of periplasmic DsbD in E. coli (61, 62) . Their suggestion, that structural factors might dictate an alternation in fold type, is consonant with the expected steric constraints for efficient thiol-disulfide exchange reactions (12, (63) (64) (65) . Whatever the explanation for the observed nonreactivity of reduced PDI toward QSOX, it allows, in principle, a selective oxidation of unfolded reduced protein clients in the presence of a large excess of reduced PDI.
OxidatiVe Refolding of Pancreatic RNase with QSOX, PDI, and Redox Buffers. We first conducted a limited series of experiments with reduced ribonuclease A (RNase) because it has been so widely used in in vitro studies of oxidative protein folding. In preliminary work we, with H. F. Gilbert, showed efficient recovery of RNase activity using 0.5 µM PDI in the presence of 1 mM GSH after the addition of 10 nM QSOX (9) . GSH served to maintain the PDI in an FIGURE 2: Reduced PDI as a substrate of QSOX. For each cognate and noncognate PDI/QSOX pairing, the oxidation of reduced PDI was evaluated by following the disappearance of CxxC thiols (using 50-200 µM PDI, 200-800 µM SH groups; see Experimental Procedures) with 100 nM QSOX in 50 mM phosphate buffer and 1 mM EDTA (pH 7.5) at 25°C. Catalase (10 nM) was included in these incubations to discharge the hydrogen peroxide generated by QSOX. Aliquots were withdrawn at the indicated times for analysis of thiol content using DTNB (see Experimental Procedures): (0) avian QSOX and the indicated thiol titers of human PDI, (b) avian QSOX and avian PDI, and (2) human PDI and human QSOX. Plus signs and times signs indicate thiol consumption in an illustrative control reaction in the absence of QSOX using 250 µM avian and human PDI, respectively.
isomerase-competent reduced state. A potential complexity of this experimental design is that GSH might have additional functions (e.g., in the resolution of mixed disulfides between client protein and PDI or QSOX, or via a nonenzymatic reduction of mispaired disulfides in RNase). We thus investigated QSOX-driven refolding of RNase in the absence of glutathione in Figure 3 . Here, we sampled the recovery of RNase activity discontinuously, after quenching aliquots of refolding cocktail with excess NEM (see Experimental Procedures). In our hands, this procedure proved easier to implement than following the regain of RNase activity continuously in a cuvette containing components of both refolding and assay cocktails (66) . Figure 3 shows that while reduced RNase is an excellent substrate of QSOX (9, 32) , very low levels of activity are recovered when reduced RNase is mixed with QSOX in the absence of PDI. The inclusion of 5 µM reduced PDI (20 µM CxxC thiols, with undetectable levels of oxidized PDI) leads to a rapid return of the native disulfide pairings in RNase. No oxidized or reduced glutathione is present in this experiment. Figure 3 also compares these data with results from two additional oxidative protein folding protocols. The glutathione redox buffer (1.0 mM GSH and 0.2 mM GSSG) leads to a very slow regain of activity [amounting to 19% over 80 min in the absence of PDI (not shown)]. The inclusion of 5 µM PDI with this redox buffer strongly accelerates folding after a significant lag phase (Figure 3 ). These data show that glutathione is not needed for the efficient refolding of RNase using mixtures of QSOX and reduced PDI. Several other reports describe PDI-mediated oxidative folding in the absence of glutathione. Gilbert and co-workers have shown that oxidized PDI drives the refolding of reduced RNase in the absence of glutathione (67) . Weissman and colleagues have demonstrated folding of reduced RNase in the absence of glutathione using PDI and Ero1 (18) . Finally, glutathione is not required for oxidative folding of carboxypeptidase Y in the yeast endoplasmic reticulum (2) . (RfBP) . Pancreatic RNase, with four disulfides, has a much simpler disulfide complexity than many proteins of the metazoan secretome. Hence, we wished to find a stiffer test for the QSOX/ PDI folding system. Avian riboflavin binding protein [RfBP (Figure 4) ] provides a readily obtainable and useful model system (37, 38, 47, 68) . It contains nine disulfides and therefore has >34 million disulfide isomers of the fully oxidized protein (48, 49) . Aporiboflavin binding protein binds riboflavin rapidly and tightly (K d ) 1 nM) with a pronounced red shift in the absorbance envelope and a complete quenching of the flavin fluorescence being excited at 450 nm (39, 53, 68) . Hence, this system permits refolding to be continuously monitored spectroscopically over a wide range of RfBP concentrations in mixtures with high background protein absorbance (such as those that would be encountered in the lumen of the ER). RfBP has been used to study oxidative protein folding in two prior investigations. Using discontinuous sampling, Pattanaik et al. (37) observed that riboflavin binding, and the creation of an epitope associated with the native protein, occurred only after almost complete disulfide bond formation. In the second study, McClelland et al. (38) first explored the effects of PDI on the oxidative refolding of RfBP using a redox buffer (see later).
OxidatiVe Refolding of Reduced RiboflaVin Binding Protein
Reduced RfBP was prepared and rigorously freed of excess reductant by gel filtration in 6 M guanidine hydrochloride (see Experimental Procedures). The unfolded reduced protein (18 SH groups) was added to a solution of aerobic phosphate buffer (pH 7.5, 25°C) to give final concentration of 1-5 µM. Flavin binding was first followed by the reappearance of the characteristic resolved absorbance spectrum of holoRfBP (see Figure S3 of the Supporting Information). However, the complete fluorescence quenching of riboflavin provides a more sensitive approach for assessing the return of the functional binding protein (39, 53, 68) . In the experiments that follow, we used a slightly substoichiometric level of riboflavin (0.8 µM flavin and 1.0 µM binding protein) to ensure that complete binding of the vitamin could occur. Thus, under these conditions, the yield of functional refolded protein is at least 80%. Figure 5 shows that increasing concentrations of QSOX (from 1 to 100 nM) both increase the maximal rate of riboflavin binding and shorten the lag time of the fluorescence decrease. Very high concentrations of QSOX (500 nM) lead to a pronounced weakening of riboflavin binding ability probably because the rapid insertion of disulfide bonds overwhelms the ability of reduced PDI to isomerize them. This slowing may have parallels in RNase because scrambled RNase (fully oxidized incorrectly paired protein) is a poor substrate of PDI when compared to partially oxidized intermediates (36, 66, 69) . Logically optimal rates for the recovery of activity would represent a balance between the oxidative and isomerization components of oxidative folding. Figure 5 illustrates that nanomolar concentrations of QSOX, combined with 30 µM reduced PDI (in the absence of either glutathione or oxidized PDI), are effective in oxidative refolding of a client protein with a reasonably complicated disulfide network. The dependence of refolding on the concentration of reduced PDI is followed in Figure  6A by keeping QSOX at 30 nM. Without the isomerase, the recovery of riboflavin binding is undetectable, but increasing concentrations of reduced PDI accelerate folding. The maximal rate of fluorescence quenching obtained for each concentration of reduced PDI gives a hyperbolic dependence, with half-saturation at a concentration of ∼30 µM ( Figure  6B ). No evidence of slowing of the rate of oxidative folding is observed up to 200 µM reduced PDI. The effectiveness of oxidative folding can also be qualitatively represented by the time taken to reach 50% fluorescence quenching. Plotting these times as a function of PDI concentration leads to a limiting half-time of 19 min (not shown). While a determination of the molecular factors that limit the rate of riboflavin binding in this folding system at saturating PDI concentrations has not yet been investigated, they might include a ratelimiting protein conformational change. One of eight proline residues in RfBP participates in a cis peptide bond (49) .
Previous work by McClelland et al. (38) reported the oxidative refolding of reduced RfBP catalyzed by PDI in a glutathione redox buffer in the absence of riboflavin. Here they assessed oxidative folding discontinuously by withdrawing aliquots and evaluating the fluorescence quenching observed upon the addition of riboflavin. These data showed slow refolding with 43% recovery of riboflavin binding in 100 h. We were thus interested in evaluating whether vitamin binding influenced the course of oxidative refolding of RfBP in the QSOX/PDI system. Figure S4 of the Supporting Information shows that refolding proceeds slightly slower (by ∼50%) in the absence of riboflavin. RfBP can be folded effectively in the absence of riboflavin in vivo because it is found to be typically less than half-saturated in chicken eggs (68) .
Refolding of Reduced RfBP in the Absence of QSOX. Figure 7 compares the QSOX/PDI system with conventional oxidative folding systems. Although glutathione redox buffers (typically with a GSH/GSSG ratio of 5/1) are widely used in refolding studies, they are ineffective with reduced RfBP over 30 min (Figure 7 , top), in agreement with earlier studies (37, 38) . Conceivably, the complexity of a ninedisulfide client protein, with millions of potential disulfide isomers, may limit the effectiveness of simple redox buffers when compared to a protein containing four disulfides (with a maximum of 105 isomers). As expected, supplementing the redox buffer with 30 µM reduced PDI led to a marked acceleration of riboflavin binding (Figure 7) . The further inclusion of QSOX in this redox buffer/PDI mixture provides a further modest increase in rate [ Figure 7 (9) ]. None of OxidatiVe Refolding of Reduced RfBP Using PDI Alone. We next wanted to examine the rate of refolding reduced RfBP as a function of the redox state of PDI in the absence of QSOX and glutathione redox buffer. As mentioned earlier, glutathione redox buffers not only poise the ratio of oxidized to reduced PDI but also participate directly in oxidative folding, e.g., by forming and resolving mixed disulfide intermediates. Mixtures of fully oxidized and reduced PDI were combined to give a total PDI concentration of 30 µM (see Experimental Procedures) and mixed with 1 µM reduced RfBP and 0.8 µM riboflavin. Since oxidized PDI is now the sole oxidant in this experiment, the initial ratio of reduced to oxidized PDI will increase as disulfide bonds accumulate in riboflavin binding protein. For example, the complete oxidative refolding of 1 µM RfBP (18 µM SH) would require 4.5 µM oxidized PDI (two CxxC motifs each). Circles and squares in Figure 8 thus represent the nominal and final ratios of reduced/oxidized PDI, respectively. Figure 8 shows that, over the concentration range used, the fastest refolding of reduced RfBP occurs when just enough oxidized PDI is added to provide for stoichiometric oxidation of reduced RfBP. In our studies, the redox poise of PDI is substantially buffered by using an aggregate concentration of oxidized and reduced PDI that is 50-fold higher than those of reduced RfBP. Using a different experimental design, in which oxidized PDI is added as the sole oxidant of reduced RNase without additional reduced PDI, Lyles and Gilbert also found that the fastest folding rate occurred under conditions where all the added PDI would be eventually reduced by RNase (67) . Adding more oxidized PDI than required for stoichiometric oxidation slowed the folding of RNase appreciably (67) .
CONCLUSIONS
An unresolved issue in the mechanism of action of PDI is the extent to which the isomerase activity occurs via redoxneutral shuffling or net cycles of reoxidation and reduction, inwhichoxidizedPDIisadiscreteintermediate (20) (21) (22) 24, 25, 70) . The relative importance of shuffling and redox cycling modes might be protein-dependent and might change as folding of a particular client protein progresses. These models for PDI function have been largely developed using proteins of comparative simplicity, so the more complex disulfide connectivity of RfBP provides an additional perspective. With RfBP, the fastest oxidative refolding occurs when PDI is largely in its reduced state (e.g., Figure 8 ), in agreement with an earlier study with RNase (67) . At first sight, these data would seem to favor a redox-neutral shuffling model for PDI action. However, they are just as consistent with an oxidoreductase mode providing that small levels of oxidized PDI can match the reductase activity of reduced PDI as disulfide bonds are exchanged iteratively. Whatever the relative importance of these two modes of action, PDI functions most efficiently in these two systems when it is substantially reduced.
Consistent with this finding, the redox state of PDI in the mammalian ER is largely reduced (16, 71) . This observation aligns with recently redetermined values for the GSH/GSSG ratio in the ER (72) . By suppressing post-isolation oxidation of the ER lumenal contents, Hagen and colleagues found the GSH/GSSG ratio to be (5.1 ( 0.4)/1 compared to earlier widely quoted estimates of 1.5/1 to 3.3/1 (73) . Using this more reducing ratio, an overall glutathione concentration of 5 mM, and the kinetic parameters of Darby and Creighton for the reaction of glutathione and PDI (54) 2GSH + PDI ox T GS-SG + PDI red suggests that equilibration is attained rapidly (t 1/2 < 1 s) with a reduced/oxidized PDI ratio of greater than 11 and 4 for a and a′ domains of PDI, respectively (see Experimental Procedures). The redox poise for ER lumen components in equilibrium with glutathione and PDI may be more reducing than generally believed.
The QSOX/PDI system reported here proves to be an efficient in vitro system for the generation of native pairing in two dissimilar proteins. In vivo, a sulfhydryl oxidase that communicates poorly with both reduced PDI and GSH (9, 29, 30, 32) might allow for selective oxidation of client proteins without directly impacting the PDI redox pools, and without undue collateral oxidation of cellular glutathione via the equilibrium shown above (11) . However, it should be emphasized that the contribution of QSOX enzymes to the global disulfide output of the mammalian ER remains unclear. A key unresolved issue is whether the short form of QSOX, a relatively abundant protein found in a variety of extracellular locales, is active during transit through the ER (11, 12) .
In an interesting study, Bulleid and co-workers have shown that a V5-tagged long form of QSOX (with the C-terminal single membrane-spanning region intact) accumulates in the Golgi of mammalian cells (10) . They suggested that QSOX long form may participate in latestage disulfide bond formation and in the assembly of disulfide-bridged multimers (10). While we have no in vitro information about the catalytic potential of these longer forms of QSOX, the view expressed by these authors that the facile and error-prone oxidation of unfolded proteins by QSOX would make them potentially unsuitable residents of the ER (10) can be addressed with the data presented in this work. Low nanomolar concentrations of QSOX, combined with micromolar levels of reduced PDI, can rapidly and almost quantitatively refold two widely different client proteins. Indeed, a mixture of QSOX and reduced PDI generates native pairings faster than mixtures of either oxidized and reduced PDI alone or PDI whose redox poise is maintained by a glutathione redox buffer. In terms of disqualifying a candidate oxidant because it is error-prone, it should be noted that no known oxidant of reduced unfolded proteins can infallibly generate the correct disulfide pairings de novo. This is perhaps most clearly seen for PDI itself. PDI does not "know" which disulfides are the correct ones: it reaches the ensemble of native pairings by iteration (21) . Oxidized PDI, at levels beyond those needed for the stoichiometric generation of disulfides, impedes the attainment of the native state in both RNase (67) and RfBP (Figure 8 ).
This work emphasizes the apparent plasticity of oxidative folding systems. The observation that glutathione redox buffers are unimportant for efficient oxidative folding in RNase (18, 67) and now RfBP (this work) is consistent with the important finding that glutathione is not necessary for the secretion of disulfide-containing proteins in yeast (2) . By using amounts of PDI more in line with those found in the ER, the requirement for a redox buffer is circumvented, allowing us to demonstrate that all that is needed for oxidative refolding of a protein with a huge number of disulfide isomers is a stoichiometric amount of oxidant and a liberal supply of reduced PDI. Whether oxidizing equivalents are generated by QSOX, Ero1, or other cellular oxidants, the universal additional requirement for efficient oxidative folding is reduced PDI.
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